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(57) ABSTRACT

A technique relates to an MRAM system. A conformal film
covers trenches formed in an upper material. The upper mate-
rial covers conductive islands in a substrate. The conformal
film is selectively etched to leave sidewalls on the trenches.
The sidewalls are etched into vertical columns self-aligned to
and directly on top of the conductive islands below. A filling
material is deposited and planarized to leave exposed tops of
the vertical columns. An MTJ element is formed on top of the
filling material and exposed tops of the vertical columns. The
MT]J element is patterned into lines corresponding to the
vertical columns, and each of the lines has a line MTJ element
self-aligned to one of the vertical columns. Line MRAM
devices are formed by patterning the MTJ element into the
lines. Each of line MRAM devices respectively include the
line MTJ element self-aligned to the one of the vertical col-
umns.
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sse  1150N

1010 /1010 /1010 /1010 1010




US 9,299,924 B1

Sheet 1 of 14

Mar. 29, 2016

U.S. Patent

Gol Gol

0l

| "Old



U.S. Patent Mar. 29, 2016 Sheet 2 of 14 US 9,299,924 B1

= 205
> 100

105

FIG. 2




U.S. Patent Mar. 29, 2016 Sheet 3 of 14 US 9,299,924 B1

—
—
S

305

105

D2

e

FIG. 3
10

305
105

/305
L.




U.S. Patent Mar. 29, 2016 Sheet 4 of 14 US 9,299,924 B1

305
> 100

105

FIG. 4

105




U.S. Patent Mar. 29, 2016 Sheet 5 of 14 US 9,299,924 B1

505
105

FIG. 5
10
505
105




U.S. Patent Mar. 29, 2016 Sheet 6 of 14 US 9,299,924 B1

605

505

205

505

205

205

FIG. 6

[

T | -

205




U.S. Patent Mar. 29, 2016 Sheet 7 of 14 US 9,299,924 B1

305

/

iiiiiiiiliiii

305

305

FIG.7

605

100



U.S. Patent Mar. 29, 2016 Sheet 8 of 14 US 9,299,924 B1

|
105
205 205

FIG.8

i
\ 1J5 \ 805 105
205

205




U.S. Patent Mar. 29, 2016 Sheet 9 of 14 US 9,299,924 B1

- 905
> 100

805

Yo}
(o]
[>e]
NN
Yo}
(o]
[>e]
(2]
S 8
T ~
S: = a

805
; ’



U.S. Patent Mar. 29, 2016 Sheet 10 of 14 US 9,299,924 B1

1010
1005
- 005
>— 100

!

(i

..:'T-.:'T-...'.......

DT TR T Th T T
=o'

"%

(it

SONNE

R T g Ty T T Ty

105

!

NN

(it

/
805

)

="

FIG.10
105

mh

)

Ly i L i i i L i i o L L L L L L L L L e L L L o L L L A L L Lo e Ly L Lo Ly |

LTy

T T e

R Ty Ty e g Ty

I

/
805

105

" Tan’s

T T T T T O,

e

T Tl T L T T ey oy
T T N N T A T T AT

"ara

Py

¥ ] ]
o 0
IIIIIIIIIIImllIIIIlIIIIIIlIIIIIIIIIIIIIIIllllllllllllllllllllllﬁ

1030
1025



US 9,299,924 B1

Sheet 11 of 14

Mar. 29, 2016

U.S. Patent

X
G0l S0 S0l
001
506 0ol
b N N ///// ///// \
G0olk / OO A, / DO DOV, /mNo |
0z0l LT HEEREE Sy I “”H/
s f 508 f 508 f 508 ,f 0£0}
Geol 0101 0101 0101 0101 0101
0¢01
eee (I0S}) 00611 a0l YOSl
Vil 914 004}



US 9,299,924 B1

Sheet 12 of 14

Mar. 29, 2016

U.S. Patent

0L G0 ol 0L S0l 0L SO

508 08 1 ¢08 | gog 508

Y N U S W

0201

OO,
OOV

AN,

0€0}

Py

3
-
o
-

-'-l-' LTl

.,
Y
N

Ll
S,

gy

(RIS
(5 R

Vo_ SYAEYASYAQO\A oS\A ovi 0L0L

NOSLl eee  40GLL 306, dOSLL D0SLL  80GLL  VOSLL

004k

g1l "ol4



US 9,299,924 B1

Sheet 13 of 14

Mar. 29, 2016

U.S. Patent

G2zl MOT39 SANVYTSI JAILONANOD
JHL 40 dOL NO ATLO3MIC ANV OL QANDITY-413S T4V SNIWNTOD TvOILYIA TVNAIAIANI IHL LYHL HONS

‘NTI4 NIHL TYWHO4NOD FHL 40 SNWNTOD TvIILY3A

TYNAIAIANT OLNI STIVMAAIS FHL HO13 AT3AILOTTES

4

h

0¢¢) STHONTHL FHL NO ONINIVNFH
T4 NIHL TVIWHOANOD 3HL 40 STTYMAAIS FAVET OL WTI4 NIHL TYAHOANOD FHL HOLT AT3AILOFT3S

¢l SIHONTHL FHL 40 SATTIVA ANV SHVId 43N0

TV W14 NIHL TYINHOANOQ V 11ISOd3d

01Zl MOT39 SANVYISI JAILONANOD

JHL 40 SdOL 3S0dX3 STHONIHL IHL IYHL HONS

IVIYILYIN H3AVT H3ddN IHL NI STHONTHL INHOA

G0cl SANYISI 3AILONAN

00 JFHL ANV 31vH1SENS

JHL HLOEG SHIAOD TVIHALYIN ¥IAYT 43ddN NV LYHL HONS ALYHLSENS ¥V NI SANYISI AILONANOD WHO4

Womr V¢l 'Ol




US 9,299,924 B1

Sheet 14 of 14

Mar. 29, 2016

U.S. Patent

74!

SNIINT0D TVOILE3A TVNAIAIANT IHL 40 INO LSV3T LV FHL OL AINDITY-4713S LNJWFT3 NOILONNF TINNNL
JQILANOVIN INIT IHL ONIANTINI ATIAILOT4STY SFOIATA AJOWIW SSFOIV WOANVY FAILSISTFHOLINOVI
INIT 40 ALITYENTd FHL 40 HOV3A “S3NIT IHL OLNI LNIWFT3 NOILONNF TINNNL DILINDVIN THL ONINYILLY
A8 0304 34V S3OIAIA AYOWIIN SSFOIV INOANVY FAILSISTIOLINOVIN ANIT 40 ALITVENTA Y

A

0¥Zl MO39 SNWNT0D TYOILYIA TYNAIAIANI 3HL 40 INO LSYIT 1V OL AINDITY-4713S
LINIWITI NOILONNP TINNNL DILINDYIN INITY ONIAVH SINITIHL 40 HOVI "SNWNTOD TWOILY3A TYNAIAIONI
JHL OL ONIANOASIHHOO SANITOLNI LNINTTI NOILONNF TINNNL JILINOVIN IHL NH3L1vd

A

GEZ) SNINNT0D T¥OILY3A TWNAIAIONI FHL 40 SdOL 3S0dX3
JHL ANV TVIH3LYIN ONITTIH A3ZIHVYNY1d FHL 40 401 NO LNJW3T3 NOILONNI TANNNL OILANOVIN V NHO4

021 SNWNT0J TWOILY3IA TYNAIAIONI 3HL
40 SdOL A3S0dX3 IAVIATOL IZIMYNY I SI TVIMILYIN ONITTIH FHL FHTHM “TVIHFLYIN ONITTIA V LISOd3d

Womr a¢l "9l




US 9,299,924 B1

1
INJECTION PILLAR DEFINITION FOR LINE
MRAM BY A SELF-ALIGNED SIDEWALL
TRANSFER

BACKGROUND

The present invention relates to magnetic memory and
magnetic storage devices, and more specifically, to injection
pillar definition for line magnetoresistive random access
memory devices (MRAM) by self-aligned sidewall transfer.

Unlike conventional RAM chip technologies, data in
MRAM is not stored as electric charge or current flows, but by
magnetic storage elements. The magnetic storage elements
are formed from two ferromagnetic plates, each of which can
hold a magnetization, separated by a thin insulating layer.
One of the two ferromagnetic plates is a permanent magnet
set to a particular polarity, while the other plate has a magne-
tization that can be changed to match that of an external field
to store memory. This configuration is known as a spin valve
and is the simplest structure for an MRAM bit/cell. A memory
device is built from a grid of such cells.

SUMMARY

According to one embodiment, a method of forming a line
magnetoresistive random access memory (MRAM) system is
provided. The method includes forming conductive islands in
a substrate such that an upper layer material covers both the
substrate and the conductive islands, forming trenches in the
upper layer material such that the trenches expose tops of the
conductive islands below, and depositing a conformal thin
film all over peaks and valleys of the trenches. The method
includes selectively etching the conformal thin film to leave
sidewalls of the conformal thin film remaining on the
trenches, and selectively etching the sidewalls into individual
vertical columns of the conformal thin film, such that the
individual vertical columns are self-aligned to and directly on
top of the conductive islands below. Also, the method
includes depositing a filling material, where the filling mate-
rial is planarized to leave exposed tops of the individual
vertical columns, forming a magnetic tunnel junction element
on top of the planarized filling material and the exposed tops
of the individual vertical columns, and patterning the mag-
netic tunnel junction element into lines corresponding to the
individual vertical columns. Each of the lines has a line mag-
netic tunnel junction element self-aligned to at least one of the
individual vertical columns below. A plurality of line magne-
toresistive random access memory devices are formed by
patterning the magnetic tunnel junction element into the lines,
and each of the plurality of line magnetoresistive random
access memory devices respectively includes the line mag-
netic tunnel junction element self-aligned to the at least one of
the individual vertical columns.

According to one embodiment, a method of forming a line
magnetoresistive random access memory (MRAM) system is
provided. The method includes forming trenches in an upper
layer material covering a substrate, such that the trenches
expose tops of conductive islands in the substrate, depositing
a conformal thin film over the trenches, such that sidewalls of
the conformal thin film are formed on the trenches, and selec-
tively etching the conformal thin film to leave individual
vertical columns of the conformal thin film from the side-
walls, such that the individual vertical columns are self-
aligned to and directly on top of the conductive islands below.
Also, the method includes in response to depositing a filling
material that leaves exposed tops of the individual vertical
columns, forming a magnetic tunnel junction element on top
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of the filling material and the exposed tops of the individual
vertical columns, and forming a plurality of line magnetore-
sistive random access memory devices by patterning the mag-
netic tunnel junction element into lines corresponding to the
individual vertical columns. Each of the lines has a line mag-
netic tunnel junction element self-aligned to at least one of the
individual vertical columns below.

According to one embodiment, a line magnetoresistive
random access memory (MRAM) system is provided. The
system includes conductive islands formed in a substrate, and
vertical columns formed from trenches in an upper layer
material. The vertical columns are self-aligned to the conduc-
tive islands. The upper layer material is on top of the sub-
strate. The vertical columns are conductive material. Also, the
system includes a filling material formed in the trenches that
formed the vertical columns, where the filling material has
exposed tops of the vertical columns, and a plurality of line
magnetoresistive random access memory devices respec-
tively self-aligned to the exposed tops of the vertical columns.
The plurality of line magnetoresistive random access memory
devices each include a line magnetic tunnel junction element
self-aligned to at least one of the vertical columns below.

Additional features and advantages are realized through
the techniques of the present invention. Other embodiments
and aspects of the invention are described in detail herein and
are considered a part of the claimed invention. For a better
understanding of the invention with the advantages and the
features, refer to the description and to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter which is regarded as the invention is
particularly pointed out and distinctly claimed in the claims at
the conclusion of the specification. The forgoing and other
features, and advantages of the invention are apparent from
the following detailed description taken in conjunction with
the accompanying drawings in which:

FIG.1isacross-sectional view of an intermediate structure
illustrating forming bottom electrodes in a substrate accord-
ing to an embodiment;

FIG. 2 is a cross-sectional view of the intermediate struc-
ture illustrating that a first upper layer has been deposited
according to an embodiment;

FIG. 3 is a cross-sectional view of the intermediate struc-
ture illustrating trench formation in the upper layer according
to an embodiment;

FIG. 4 is a cross-sectional view of the intermediate struc-
ture illustrating atomic layer deposition of a conformal thin
film layer according to an embodiment;

FIG. 5 is a cross-sectional view of the intermediate struc-
ture illustrating sidewall transfer according to an embodi-
ment;

FIG. 6 is a perspective view illustrating a photoresist
deposited over the top of the intermediate structure according
to an embodiment;

FIG. 7 is a perspective view illustrating the patterned pho-
toresist after development according to an embodiment;

FIG. 8 is a perspective view illustrating individual vertical
columns formed after removing portions by etching of the
sidewalls according to an embodiment;

FIG. 9 is a cross-sectional view illustrating that a second
upper layer is deposited on the top surface of the intermediate
structure according to an embodiment;

FIG. 10 is a cross-sectional view illustrating blanket depo-
sition of a magnetic tunnel junction (MTJ) element and top
electrode on the intermediate structure according to an
embodiment;
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FIG. 11A is a cross-sectional view of a line magnetoresis-
tive random access memory (MRAM) system, after pattern-
ing the magnetic tunnel junction element and top electrode
according to an embodiment;

FIG. 11B is a perspective view of the line magnetoresistive
random access memory (MRAM) system according to an
embodiment; and

FIGS. 12A and 12B are flow diagrams together illustrating
amethod of forming the line magnetoresistive random access
memory (MRAM) system according to an embodiment.

DETAILED DESCRIPTION

Embodiments provide a linear magnetoresistive random
access memory device/system which incorporates sidewall
transfer of sidewalls as self-aligned contacts below a mag-
netic tunnel junction.

Magnetoresistive random access memory (MRAM)
devices offer many benefits over semiconductor based
memories such as dynamic random access memory (DRAM)
and flash memory. However, patterning the small MRAM
devices into islands of metal at the high density and unifor-
mity desired to compete with DRAM and flash is difficult.
One of the issues encountered is edge damage due to the
reactive ion etch (RIE) that is typically used to subtractively
pattern the MRAM device. Another issue is in making elec-
trical contacts to the top of these small MRAM devices. A
partial solution to the first issue (i.e., edge damage) is to
pattern a line instead of a dot, and this reduces the edge
exposure, but it does not resolve the contacting issue. Fur-
thermore, patterning a line instead of a dot then requires a
sub-feature size via contact that is difficult to pattern and
align. Reliable methods of patterning magnetic lines and
aligning contacts to the lines at the high density and unifor-
mity to compete with DRAM and flash have not yet been
demonstrated.

According to embodiments, a novel patterning and con-
tacting method is proposed for linear MRAM that address
both of these issues. According to an embodiment, a fabrica-
tion technique is discussed below to make a linear MRAM
device. FIGS. 1 through 11 illustrate an example fabrication
technique according to embodiments.

Now turning to FIG. 1, a cross-sectional view is provided
of an intermediate structure 10 illustrating a damascene tech-
nique for forming bottom electrodes 105 in a substrate 100.
As one example to form the bottom electrodes 105, a photo-
resist layer (not shown) may be deposited on the substrate 100
and formed into a pattern. The pattern of the photoresist layer
is etched into the substrate 100 leaving array of square like
grooves in the substrate 100 in preparation to form the bottom
electrodes 105, and the photoresist layer is removed. The
conductive material of the bottom electrode 105 is deposited
on top of substrate 100 and fills in the etched grooves of the
substrate 100. The top surface ofthe structure 10 is planarized
down to the tops of the bottom electrodes 105 using, e.g.,
chemical mechanical polishing (CMP), which removes any
excess conductive material not in the etched grooves.

The substrate 100 may particularly be a dielectric material.
In another implementation, the substrate 100 may be an insu-
lator and/or a wafer (e.g., silicon). The conductive material of
the bottom electrodes 105 may be a metal, such as copper,
ruthenium, aluminum, tantalum, etc. The bottom electrodes
105 may be an array of metal islands formed within the
substrate 100. The bottom electrodes 105 may be separated
from one another by a distance D1 in the x-axis, and the
distance D1 may range from 10-80 nanometers (nm) in one
implementation.
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FIG. 2 is a cross-sectional view of the intermediate struc-
ture 10 illustrating that an upper layer 205 of material has
been deposited. The upper layer 205 of material is deposited
on the top surface of the intermediate structure 10 covering
both the substrate 100 and the bottom electrodes 105. The
upper layer 205 encapsulates the bottom electrodes 105 (e.g.,
encapsulates the metal islands). The top surface of the upper
layer 205 is planarized using, e.g., CMP.

The upper layer 205 may be a dielectric material. Also, the
upper layer 205 may be an insulator. In one implementation,
the upper layer 205 may be the same material as the substrate
100.

FIG. 3 is a cross-sectional view of the intermediate struc-
ture 10 illustrating trench formation in the upper layer 205. As
can be seen, trenches 305 have been formed in the upper layer
205. To form the trenches 305, a photoresist (not shown) may
be deposited on the top of the upper layer 205 and the pho-
toresist is patterned to define trenches therein. Using the
trench patterned photoresist, the upper layer 205 is etched
through so that the tops of the bottom electrodes 105 are
exposed, and the patterned photoresist is removed. The
trenches 305 are formed between the bottom electrodes 105
while overlapping a portion of the bottom electrodes 105. The
trenches 305 are to expose a portion of the bottom electrodes
105 in anticipation of sidewall transfer, while the portion of
the bottom electrodes 105 remains covered by the upper layer
205. The trenches 305 (valleys) may have a width of a dis-
tance D2 in the x-axis, and the distance D2 may be about
50-150 nm based on accommodating the separation distance
D1 ofthe bottom electrodes 105. The width of the upper layer
205 forming the peaks between the trenches 305 is a distance
D3, and the distance D3 may be about 50-150 nm.

FIG. 4 is a cross-sectional view of the intermediate struc-
ture 10 illustrating atomic layer deposition (ALD). A confor-
mal thin film layer 405 may be deposited on top of the inter-
mediate structure 10. The conformal thin film layer 405 is
deposited on the bottoms and sidewalls of the trenches 305,
on top of the exposed portions of the bottom electrodes 105,
and on top of the upper layer 205. The conformal thin film
layer 405 may be a metal such at tantalum, tantalum nitride,
etc. The conformal thin film layer 405 may have a thickness
(TH) of about 10-100 nm.

FIG. 5 is a cross-sectional view of the intermediate struc-
ture 10 illustrating sidewall transfer. FIG. 5 shows sidewalls
505 of'the conformal thin film layer 405 directly on top of the
bottom electrodes 105. To form the sidewalls 505, a photore-
sist layer may be deposited and etched into a pattern that
protects the sidewalls 505 but not the other areas of the con-
formal thin film layer 405. The patterned photoresist is uti-
lized to etch away some of the conductive material of the
conformal thin layer 405, while (only) leaving the sidewalls
505 remaining. The trenches 305 have a width of distance D2
in the x-axis and that distance D2 causes the walls of the
trenches 305 to be directly on top of the exposed portion of the
bottom electrodes 105 in FIG. 3. By having the walls of the
trenches 305 directly on top of the exposed portion of the
bottom electrodes 105, this forces the sidewalls 505 of the of
the conformal thin film layer 405 to be directly on top of the
bottom electrodes 105 in FIGS. 4 and 5, resulting in the
sidewalls 505 being self-aligned to the bottom electrodes 105
as shown in FIG. 5. Selectively etching the conformal thin
layer 405 on the bottom of the trench 305 and on the tops of
the upper layer 205, but not the sidewalls 505 leaves the
sidewalls 505 remaining.

After having the sidewalls 505 remaining, FIG. 6 is a
perspective view of the structure 10 illustrating a photoresist
605 deposited over the top of the intermediate structure 10. In
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one implementation, the photoresist 605 may be planarized
(CMP) in preparation for patterning. In another implementa-
tion, the photoresist 605 may be a conformal deposition. A
photolithography mask may be applied to pattern the photo-
resist 605 into the desired pattern. The photolithography
mask has horizontal lines in the y-axis running perpendicular
the trenches 305. Light (e.g., ultraviolet light) from a light
source may be utilized to irradiate the uncovered parts of the
photoresist 605 through the horizontal lines of the photoli-
thography mask, and the exposed parts of the photoresist 605
are hardened by being exposed to the light, while the covered
parts of the photoresist 605 are not hardened. Using wet
chemistry, the unhardened parts of the photoresist 605 are
etched away while the hardened parts remain as illustrated in
FIG. 7. This example has been explained for a positive pho-
toresist 605, but it is understood that the process can be
adapted for a negative photoresist as understood by one
skilled in the art.

After etching away parts of the photoresist 605 that were
not exposed to the light, FIG. 7 is a perspective view of the
intermediate structure 10 illustrating the remaining (pat-
terned) photoresist 605. The photoresist 605 is now formed
into lines corresponding to the horizontal lines in the photo-
lithography mask. The lines of the photoresist 605 have some
raised portions assuming a conformal deposition. The
remaining photoresist 605 is self-aligned isolated pillars that
correspond to locations of the bottom electrodes 105 (not
shown in FIG. 7) in the substrate 100. The lines of photoresist
605 are positioned to protect areas of the sidewalls 505 in
contact with the bottom electrodes 105 underneath, while the
unprotected areas of the sidewalls 505 can be removed.

FIG. 81s a perspective view of the intermediate structure 10
after removing the unprotected areas of the sidewalls 505 and
then later removing the lines of photoresist 605. In FIG. 8, the
substrate 100 is shown as semi-transparent such that the bot-
tom electrodes 105 (i.e., conductive islands) can be seen
embedded within the substrate 100. FIG. 8 shows that indi-
vidual vertical columns 805 (formed from the sidewalls 505
of conformal thin layer 405) are directly on top of and self-
aligned to the bottom electrodes 105. The individual vertical
columns 805 are on the walls of the trenches 305.

FIG. 9 is a cross-sectional view of the intermediate struc-
ture 10 illustrating that a second upper layer 905 of material is
deposited on the top surface of the structure 10 and then
planarized (CMP) to expose the tops of the individual vertical
columns 805 (previously the sidewalls 505 of conformal thin
layer 405). The material of the second upper layer 905 may be
a dielectric material, an insulator, etc. The second upper layer
905 may be the same material as the first upper layer 205
and/or the substrate 100. The second upper layer 905 may be
referred to as filling material because the second upper layer
905 fills in the trenches 305.

FIG. 9 also shows that individual vertical columns 805
(formed from the sidewalls 505 of conformal thin layer 405)
are directly ontop of and self-aligned to the bottom electrodes
105.

The individual vertical columns 805 may be considered
bottom contacts, conducting vias, etc., which are designed to
be in contact with and self-aligned to the bottom electrodes
105 below.

FIG. 10 is a cross-sectional view of the intermediate struc-
ture 10 illustrating blanket deposition of a magnetic tunnel
junction (MTJ) element 1005 and a top electrode 1010 (or top
contact) on top of the MTJ element 1005. The magnetic
tunnel junction element 1005 includes a free (magnetic) layer
1020 (on top of the second upper layer 905 and vertical
columns 805), a non-magnetic tunnel barrier layer 1025, and
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a reference (magnetic) layer 1030 (also called a fixed layer).
In one implementation, the free layer 1020 and the reference
layer 1030 may be switched such that the reference layer 1030
is deposited on top of the second upper layer 905 and vertical
columns 805, the non-magnetic tunnel barrier layer 1025 is
deposited on top of reference layer 1030, and the free layer
1020 is deposited on top of the non-magnetic tunnel barrier
layer 1025.

FIG. 11A is a cross-sectional view and FIG. 11B is a
perspective view illustrating patterning the magnetic tunnel
junction (MTJ) element 1005 and the top electrode 1010,
while stopping the etch at the second upper layer 905. As one
option of patterning the magnetic tunnel junction element
1005 and the top electrode 1010, a photoresist layer may be
deposited on top of the top contact layer 1010 and the photo-
resist layer is etched into lines extending in the y-axis. The
patterned photoresist is utilized to then etch the magnetic
tunnel junction element 1005 and the top electrode 1010
while stopping at the second upper layer 905. Then, the pat-
terned photoresist is removed.

After patterning the magnetic tunnel junction (MTJ) ele-
ment 1005 and the top electrode 1010, the result structure is
the line magnetoresistive random access memory (MRAM)
system 1100 that comprises a plurality of line magnetoresis-
tive random access memory (MRAM) devices 1150A
through 1150N, where N is the last line MRAM device. The
line extends along the y-axis. Each line magnetoresistive
random access memory device 1150 A through 1150N has its
own MTIJ element 1005 (i.e., patterned MTJ stack) and
optionally has its own top electrode 1010, vertical column
805 (conducting via, bottom contact) directly under the MTJ
element 1005, and bottom electrode 105 directly under the
vertical column 805.

The free layer 1020 is configured to have its magnetization
flipped in a first direction or second direction, while the
reference layer 1030 is configured to have its magnetization
fixed as understood by one skilled in the art. The resistance is
low (e.g., 1) when the magnetization of the free layer 1020 is
parallel to the magnetization of the reference layer 1030. The
resistance is high (e.g., 0) when the magnetization of the free
layer 1020 is antiparallel to the magnetization of the reference
layer 1030.

In one implementation, each line magnetoresistive random
access memory device 1150A through 1150N is configured to
store its own bit, e.g., 1 (parallel) or O (antiparallel), based on
the relationship between the free layer 1020 and reference
layer 1030. In this implementation, the magnetization of the
free layer 1020 for the entire length of the line magnetoresis-
tive random access memory device 1150A through 1150N is
configured to switch as a whole to be parallel or antiparallel to
the magnetization of the reference layer 1030.

In another implementation, each line magnetoresistive ran-
dom access memory device 1150A through 1150N is config-
ured to store more than one bit by having domain walls (not
shown) in the free layer 1020 in which the domain walls
create up two or more domains. Each domain corresponds to
abitand has a high or low resistance based on the relationship
between the particular domain of the free layer 1020 and
reference layer 1030.

Now turning to FIGS. 12A and 12B, a method 1200 is
provided of forming the line magnetoresistive random access
memory (MRAM) system 1100 according to an embodiment.

At block 1205, conductive islands 105 are formed in the
substrate such that an upper layer material 205 covers both the
substrate 100 and the conductive islands 105, as illustrated in
FIGS. 1 and 2.
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At block 1210, trenches 305 are formed in the upper layer
material 205 such that the trenches 305 expose tops of the
conductive islands 105 below, as illustrated in FIG. 3.

At block 1215, a conformal thin film 405 is deposited all
over peaks and valleys of the trenches 305, as illustrated in
FIG. 4.

At block 1220, the conformal thin film 405 selectively
etched to leave sidewalls 505 of the conformal thin film 405
remaining on walls of the trenches 305, as illustrated in FIG.
5.

Atblock 1225, the sidewalls 505 are selectively etched into
individual vertical columns 805 of the conformal thin film
405, such that the individual vertical columns 805 are self-
aligned to and directly on top of the conductive islands 105
below, as illustrated in FIG. 9.

Atblock 1230, a filling material 905 (also referred to as the
second upper layer 905) is deposited, and the filling material
905 is planarized to leave exposed tops of the individual
vertical columns 805, as illustrated in FIG. 9.

Atblock 1235, a magnetic tunnel junction element 1005 is
formed on top of the planarized filling material 905 and the
exposed tops of the individual vertical columns 805, as illus-
trated in FIG. 10.

At block 1240, the magnetic tunnel junction element 1005
is patterned into lines corresponding to locations the indi-
vidual vertical columns 805, and each of the lines has a line
magnetic tunnel junction element 1005 self-aligned to at least
one of the individual vertical columns 805 below, as illus-
trated in FIGS. 11A and 11B.

Atblock 1245, a plurality of line magnetoresistive random
access memory devices 1150A-N are formed by patterning
the magnetic tunnel junction element 1005 into the lines,
where each of the plurality of line magnetoresistive random
access memory devices 1150A-N respectively includes the
line magnetic tunnel junction element 1005 self-aligned to
the at least one of the individual vertical columns 805.

Additionally, a top contact layer 1010 is formed on top of
the magnetic tunnel junction element 1005, illustrated in FIG.
10. Patterning the magnetic tunnel junction element 1005 into
the lines corresponding to the individual vertical columns 805
includes patterning the top contact layer 1010 into line top
contacts such that each of the lines includes a line top contact
of the line top contacts on top of the line magnetic tunnel
junction element 1005, as illustrated in FIG. 11A.

In one implementation, each of the plurality of line mag-
netoresistive random access memory devices 1150A-N
respectively includes the line top contact 1010 on top of the
line magnetic tunnel junction element 1005.

Further, in another implementation, each of the plurality of
line magnetoresistive random access memory devices
1150A-N respectively includes the line top contact 1010 on
top of the line magnetic tunnel junction element, at least one
of the individual vertical columns 805, and at least one of the
conductive islands 105.

The line magnetic tunnel junction element 1005 includes a
non-magnetic tunnel barrier 1025 sandwiched by a first mag-
netic layer and a second magnetic layer. The first magnetic
layer 1020 is on top of the planarized filling material 905 and
the at least one of the individual vertical columns 805, the
non-magnetic tunnel barrier 1025 is on top of the first mag-
netic layer 1020, and the second magnetic layer 1030 is on top
of the non-magnetic tunnel barrier 1025.

In one implementation, the first magnetic layer is a free
layer and the second magnetic layer is the reference layer. In
another implementation, the first magnetic layer is a reference
layer and the second magnetic layer is a free layer.
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The sidewalls 505 of the conformal thin film 405 are ver-
tical. The individual vertical columns 805 of the conformal
thin film 405 correspond to a vertical orientation of the side-
walls 505.

Selectively etching the sidewalls 505 into the individual
vertical columns 805 of'the conformal thin film 405, such that
the individual vertical columns 805 are self-aligned to and
directly on top of the conductive islands 105 below, includes:

1) Depositing a photoresist 605 on top of sidewalls as well
as on top of the peaks and the valleys of the trenches, as
illustrated in FIG. 6.

2) Patterning the photoresist 605 into horizontal lines that
are perpendicular to the trenches 305, where the horizontal
lines of the photoresist protect the portions of the sidewalls
505 that are to be the individual vertical columns 805 of the
conformal thin film 405.

3) Selectively etching away unprotected sidewalls 505 to
leave the individual vertical columns 805 of the conformal
thin film 405.

The horizontal lines of the photoresist cross over locations
of'the conductive islands 105, such that respective ones of the
individual vertical columns 805 remaining after etching are
self-aligned to respective ones of the conductive islands 105.

It will be noted that various microelectronic device fabri-
cation methods may be utilized to fabricate the components/
elements discussed herein as understood by one skilled in the
art. In semiconductor device fabrication, the various process-
ing steps fall into four general categories: deposition,
removal, patterning, and modification of electrical properties.

Deposition is any process that grows, coats, or otherwise
transfers a material onto the wafer. Available technologies
include physical vapor deposition (PVD), chemical vapor
deposition (CVD), electrochemical deposition (ECD),
molecular beam epitaxy (MBE) and more recently, atomic
layer deposition (ALD) among others.

Removal is any process that removes material from the
wafer: examples include etch processes (either wet or dry),
and chemical-mechanical planarization (CMP), etc.

Patterning is the shaping or altering of deposited materials,
and is generally referred to as lithography. For example, in
conventional lithography, the wafer is coated with a chemical
called a photoresist; then, a machine called a stepper focuses,
aligns, and moves a mask, exposing select portions of the
wafer below to short wavelength light; the exposed regions
are washed away by a developer solution. After etching or
other processing, the remaining photoresist is removed. Pat-
terning also includes electron-beam lithography.

Modification of electrical properties may include doping,
such as doping transistor sources and drains, generally by
diffusion and/or by ion implantation. These doping processes
are followed by furnace annealing or by rapid thermal anneal-
ing (RTA). Annealing serves to activate the implanted
dopants.

The flowchart and block diagrams in the Figures illustrate
the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or por-
tion of instructions, which comprises one or more executable
instructions for implementing the specified logical
function(s). In some alternative implementations, the func-
tions noted in the block may occur out of the order noted in the
figures. For example, two blocks shown in succession may, in
fact, be executed substantially concurrently, or the blocks
may sometimes be executed in the reverse order, depending
upon the functionality involved. It will also be noted that each
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block of the block diagrams and/or flowchart illustration, and
combinations of blocks in the block diagrams and/or flow-
chart illustration, can be implemented by special purpose
hardware-based systems that perform the specified functions
or acts or carry out combinations of special purpose hardware
and computer instructions.

What is claimed is:

1. A method of forming a line magnetoresistive random
access memory (MRAM) system, the method comprising:

forming conductive islands in a substrate such that an

upper layer material covers both the substrate and the
conductive islands;

forming trenches in the upper layer material such that the

trenches expose tops of the conductive islands below;
depositing a conformal thin film all over peaks and valleys
of the trenches;

selectively etching the conformal thin film to leave side-

walls of the conformal thin film remaining on the
trenches;

selectively etching the sidewalls into individual vertical

columns of the conformal thin film, such that the indi-
vidual vertical columns are self-aligned to and directly
on top of the conductive islands below;

depositing a filling material, wherein the filling material is

planarized to leave exposed tops of the individual verti-
cal columns;

forming a magnetic tunnel junction element on top of the

planarized filling material and the exposed tops of the
individual vertical columns; and

patterning the magnetic tunnel junction element into lines

corresponding to the individual vertical columns, each
of the lines having a line magnetic tunnel junction ele-
ment self-aligned to at least one of the individual vertical
columns below;

wherein a plurality of line magnetoresistive random access

memory devices are formed by patterning the magnetic
tunnel junction element into the lines, each of the plu-
rality of line magnetoresistive random access memory
devices respectively including the line magnetic tunnel
junction element self-aligned to the at least one of the
individual vertical columns.

2. The method of claim 1, wherein a top contact layer is
formed on top of the magnetic tunnel junction element.

3. The method of claim 2, wherein patterning the magnetic
tunnel junction element into the lines corresponding to the
individual vertical columns includes patterning the top con-
tact layer into line top contacts such that each of the lines
includes a line top contact ofthe line top contacts on top of the
line magnetic tunnel junction element.

4. The method of claim 3, wherein each of the plurality of
line magnetoresistive random access memory devices respec-
tively includes the line top contact on top of the line magnetic
tunnel junction element.

5. The method of claim 3, wherein each of the plurality of
line magnetoresistive random access memory devices respec-
tively includes the line top contact on top of the line magnetic
tunnel junction element, the at least one of the individual
vertical columns, and at least one of the conductive islands.

6. The method of claim 1, wherein the line magnetic tunnel
junction element includes a non-magnetic tunnel barrier
sandwiched by a first magnetic layer and a second magnetic
layer.

7. The method of claim 6, wherein the first magnetic layer
is on top of the planarized filling material and the at least one
of the individual vertical columns, the non-magnetic tunnel
barrier is on top of the first magnetic layer, and the second
magnetic layer is on top of the non-magnetic tunnel barrier.
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8. The method of claim 6, wherein the first magnetic layer
is a free layer and the second magnetic layer is a reference
layer.

9. The method of claim 6, wherein the first magnetic layer
is a reference layer and the second magnetic layer is a free
layer.

10. The method of claim 1, wherein the sidewalls of the
conformal thin film are vertical.

11. The method of claim 10, wherein the individual vertical
columns of the conformal thin film correspond to a vertical
orientation of the sidewalls.

12. The method of claim 1, wherein selectively etching the
sidewalls into the individual vertical columns of the confor-
mal thin film, such that the individual vertical columns are
self-aligned to and directly on top of the conductive islands
below, includes:

depositing a photoresist on top of the sidewalls as well as

on top of the peaks and the valleys of the trenches;
patterning the photoresist into horizontal lines that are
perpendicular to the trenches, the horizontal lines of the
photoresist protect the sidewalls that are to be the indi-
vidual vertical columns of the conformal thin film; and
selectively etching away unprotected sidewalls to leave the
individual vertical columns of the conformal thin film.

13. The method of claim 12, wherein the horizontal lines of
the photoresist cross over locations of the conductive islands,
such that respective ones of the individual vertical columns
remaining after etching are self-aligned to respective ones of
the conductive islands.

14. A method of forming a line magnetoresistive random
access memory (MRAM) system, the method comprising:

forming trenches in an upper layer material covering a

substrate, such that the trenches expose tops of conduc-
tive islands in the substrate;

depositing a conformal thin film over the trenches, such

that sidewalls of the conformal thin film are formed on
the trenches;

selectively etching the conformal thin film to leave indi-

vidual vertical columns of the conformal thin film from
the sidewalls, such that the individual vertical columns
are self-aligned to and directly on top of the conductive
islands below;

in response to depositing a filling material that leaves

exposed tops of the individual vertical columns, forming
a magnetic tunnel junction element on top of the filling
material and the exposed tops of the individual vertical
columns; and

forming a plurality of line magnetoresistive random access

memory devices by patterning the magnetic tunnel junc-
tion element into lines corresponding to the individual
vertical columns, each of the lines having a line mag-
netic tunnel junction element self-aligned to at least one
of the individual vertical columns below.

15. The method of claim 14, wherein each of the plurality
of line magnetoresistive random access memory devices
respectively includes the line magnetic tunnel junction ele-
ment self-aligned to the at least one of the individual vertical
columns.

16. The method of claim 14, wherein a top contact layer on
top of the magnetic tunnel junction element.

17. The method of claim 16, wherein forming the plurality
of line magnetoresistive random access memory devices by
patterning the magnetic tunnel junction element into the lines
includes patterning the top contact layer into line top contacts
such that each of the lines includes a line top contact of the
line top contacts on top of the line magnetic tunnel junction
element.
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18. The method of claim 17, wherein each of the plurality
of line magnetoresistive random access memory devices
respectively includes the line top contact on top of the line
magnetic tunnel junction element.

19. The method of claim 17, wherein each of the plurality
of line magnetoresistive random access memory devices
respectively includes the line top contact on top of the line
magnetic tunnel junction element, the at least one of the
individual vertical columns, and at least one of the conductive
islands.
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